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The optical conductivity of the heavy fermions UPd2Al3 and UPt3 has been measured in the
frequency range from 10 GHz to 1.2 THz (0.04 meV to 5 meV) at temperatures 1 K < T < 300 K. In
both compounds a well pronounced pseudogap of less than a meV develops in the optical response
at low temperatures; we relate this to the antiferromagnetic ordering. From the energy dependence
of the effective electronic mass and scattering rate we derive the energies essential for the heavy
quasiparticle. We find that the enhancement of the mass mainly occurs below the energy which is
related to magnetic correlations between the local magnetic moments and the itinerant electrons.
This implies that the magnetic order in these compounds is the pre-requisite to the formation of the
heavy quasiparticle and eventually of superconductivity.
PACS numbers: 71.27.+a, 78.20.-e, 74.70.Tx, 72.15.Qm
In common metals itinerant electrons of the conduction
band are responsible for the electrical transport. The
conductivity is frequency independent until the scatter-
ing with phonons and imperfections leads to a drop in
the real part of the optical conductivity σ1(ω) around
the scattering frequency Γ. This behaviour is well de-
scribed by the Drude model: σˆ(ω) = σ1 + iσ2 =
(Ne2/m)/(Γ− iω) with the charge carrier mass m and
scatting rate Γ assumed to be frequency independent.
Here N is the carrier concentration, e is the electronic
charge, and ω is the frequency [1]. While at room tem-
perature also heavy-fermions metals follow this scenario,
at liquid-helium temperatures large deviations are ob-
served which are caused by many-body effects.
Heavy fermions show an unusual interplay of electronic
correlations due to an interaction of itinerant electrons
and local magnetic moments. At low temperatures these
intermetallic compounds exhibit significant increase of
the magnetic susceptibility and the electronic contribu-
tion to the specific heat compared to most metals. This
is commonly explained by an enhanced effective massm∗
of some hundred times the free electron mass due to the
highly correlated electronic behaviour and is described in
the context of interacting Fermi liquids [2]. The strong
interaction of the quasi-free conduction-band electrons
with nearly localized f -electrons leads to a many-body
resonance, i.e., an enhanced density of states at the Fermi
energy [3]. The pile-up of this narrow resonance sets in
below the so-called coherence temperature T ∗, which is
experimentally determined by a drop in the dc-resistivity
and a cusp in the susceptibility, and typically is between
10 and 100 K.
Also the optical properties show clear signatures of
the coherent many-body ground state: As a conse-
quence of the large effective mass m∗ the spectral weight∫
σ1(ω)dω = ω
∗2
p /8 is reduced. ω
∗
p = (
4piNe2
m∗ )
1/2 is called
the renormalized plasma frequency. The relevant elec-
tronic excitations shift to very low energies, best charac-
terized by an effective scattering rate Γ∗ [4]. With de-
creasing temperature the electronic correlations become
more pronounced, leading to a gradual increase of the ef-
fective massm∗ and the corresponding decrease of the ef-
fective scattering rate. The interaction of the conduction
electron spins with the atomic moments in the heavy-
fermion crystals explains the reduction of the magnetic
susceptibility and also leads to a hybridization gap ∆
in the density of states. The gap scales with the coher-
ence temperature (∆/T ∗)2 = m/m∗ and is commonly
observed in the far infrared range of frequency [5,6]. Us-
ing a frequency dependent scattering rate and effective
mass for the description of the optical properties of corre-
lated electron systems one obtains the energy dependence
of the renormalization effects which goes beyond the in-
formation derived from static thermodynamic measure-
ments. In the low-energy limit the frequency dependence
of both parametersm∗(ω) and Γ(ω) should resemble their
temperature dependence [1].
An additional aspect becomes important for those
heavy-fermion compounds which undergo a magnetic
phase transition. Antiferromagnetism is often due to the
ordering of localized magnetic moments; this commen-
surate magnetic structure does not lead to a gap at the
Fermi energy. In the case of a spin density wave, a spa-
tial density modulation of the spin direction of the con-
duction electrons leads to antiferromagnetism, which in
general is incommensurate with the underlying lattice; a
gap in the electronic density of states at the Fermi energy
is observed. Optical experiments exhibit a clear gap fea-
ture in the latter case while for the first case we expect
no influence on the optical properties [7].
Because of its two-component electronic character,
UPd2Al3 exhibits both pronounced local magnetic mo-
ment and heavy-fermion itinerant behaviour [8–10]. The
5f -shell has an average occupation of slightly less than
1
three, with two electrons localized in the U4+ state and
the remaining 5f -electrons considered to be itinerant due
to their large hybridization with the conduction electrons
[11]. This coexistence is seen in the large magnetic mo-
ment (0.85 µB) well below the antiferromagnetic order-
ing temperature TN ≈ 14 K which is almost atomic-like,
while at the same time the itinerant electrons display a
large Sommerfeld coefficient of the electronic specific heat
γ = 140 mJmol−1K−2 which indicates an effective mass
m∗/m ≈ 50. The magnetic ordering is of local origin
and the formation of a spin density wave can be ruled
out [7,12]. The heavy quasiparticles condense in the su-
perconducting state below Tc ≈ 2 K. In order to recon-
cile magnetic ordering and superconductivity it was first
suggested that different parts of the Fermi surface lead
to antiferromagnetism and to the heavy-fermion ground
state. Recent observations by tunneling spectroscopy and
inelastic neutron scattering indicate, however, that mag-
netic excitons produce the effective coupling between the
itinerant electrons and are responsible for superconduc-
tivity in UPd2Al3 [13,14].
If there is an interaction between magnetic and elec-
tronic excitations in the superconducting state, the ques-
tion arises, whether the magnetic ordering also affects
the heavy quasiparticles in the normal state. In which
way, or how far, is the low-temperature ground state
(still T > Tc), where the large effective mass m
∗ has
been determined, affected by the magnetic ordering? Are
solely the electronic correlations of the f -shell electrons
with the conduction-band electrons responsible for this
enhancement as was argued above within the common
heavy-fermion picture?
In order to address these questions, we have investi-
gated the optical properties of UPd2Al3 in the frequency
range from 10 GHz to 1.2 THz (0.3 to 40 cm−1, corre-
sponding to a photon energy of 0.04 to 5 meV) at tem-
peratures 2 K < T < 300 K. Using a Mach-Zehnder in-
terferometer equipped with tunable, coherent radiation
sources we measured the absorption and the phase shift
of the radiation upon passing through a 150 nm thick epi-
taxial grown UPd2Al3-film deposited on a LaAlO3 sub-
strate by molecular beam epitaxy [15]. In addition we
performed microwave and millimeter wave experiments
utilizing enclosed cavities [16]. Our data were supple-
mented with reflectivity measurements on bulk samples
[7] in order to obtain the absorptivity over an extremely
broad frequency range as plotted in Fig. 1a. The lines in
this figure represent the input we used for the Kramers-
Kronig analysis in order to obtain the optical conductiv-
ity. The result of it is plotted in the lower panel of Fig. 1;
in addition we display the directly measured conductiv-
ity data. In the Kramers-Kronig analysis tried to fit both
the absorptivity and the conductivity data best, taking
the different experimental uncertainties into account [16].
The main findings can be summarized as follows: At
high temperatures we observe a broad conductivity spec-
trum as expected for a Drude metal. As the temperature
decreases below T ∗ ≈ 50 K, a renormalized Drude peak
develops due to the gradual enhancement of the effec-
tive mass m∗. At the same time, a gap feature develops
around 100 cm−1 as expected from the hybridization of
the localized 5f -electrons and the conduction electrons.
This behaviour is typical for heavy fermions [4]. Lowering
the temperature further, magnetic ordering sets in at TN
and leads to distinct signatures in the optical spectrum.
In the magnetically ordered state we observe a well pro-
nounced pseudogap below 2 cm−1 which we assign to the
interaction of the localized magnetic moments and spins
of the itinerant electrons. At even lower frequencies, an
extremely narrow zero-frequency mode remains which is
responsible for the dc conductivity and for superconduc-
tivity below Tc.
To describe the low-energy data satisfactorily, we in-
troduce a complex frequency dependent scattering rate
Γˆ(ω) = Γ1(ω) + iΓ2(ω) into the standard Drude form
of σˆ(ω). With the dimensionless quantity λ(ω) =
−Γ2(ω)/ω, the complex conductivity can be written as [1]
σˆ(ω) = σ1 + iσ2 =
(ω′p)
2
4pi
1
Γ1(ω)− iω(m∗(ω)/m)
(1)
where m∗/m = 1 + λ(ω) is the frequency dependent en-
hanced mass. (ω′p)
2 corresponds to the fraction of elec-
trons which participate in the many-body state devel-
oping below T ∗. By rearranging Eq. (1) we can write
expressions for Γ1(ω) and m
∗(ω) in terms of σ1(ω) and
σ2(ω) as follows:
Γ1(ω) =
(ω′p)
2
4pi
σ1(ω)
|σˆ(ω)|2
, (2)
m∗(ω)
m
=
(ω′p)
2
4pi
σ2(ω)/ω
|σˆ(ω)|2
. (3)
Such analysis allows us to look for interactions which
would lead to energy dependent renormalization as the
frequency dependent scattering rate and effective mass
are related to the real and imaginary parts of the en-
ergy dependent self-energy of the electrons [17]. In Fig. 2
the frequency dependences of the scattering rate Γ1(ω)
and the effective mass m∗(ω) are displayed for differ-
ent temperatures. As expected for a normal metal, at
T > T ∗ the spectra of Γ1(ω) and m
∗(ω) are nearly fre-
quency independent. As the temperature is lowered we
observe a peak in the energy dependent scattering rate
at the hybridization gap, as can be nicely seen in the
T = 30 K data of Fig. 2b. The decrease of Γ1(ω) to
lower frequencies corresponds to an increase of m∗(ω).
At these intermediate temperatures, TN < T < T
∗, the
effective mass m∗/m gradually increases when going to
smaller frequencies or correspondingly to lower tempera-
tures; eventually it reaches a value of 35. Decreasing the
2
temperature below TN results in a second peak of Γ1(ω)
and a strong increase of the effective mass below 1 cm−1.
As already seen at T = 15 K, this effect becomes stronger
as the temperature is lowered to 2 K. The effective mass
m∗(ω) levels off at m∗/m ≈ 50 below 1 cm−1and nicely
matches the values obtained by thermodynamic methods
[8] which are indicated by the star in Fig. 2c. We see a
moderate enhancement of m∗(ω, T → 0) for frequency
below the hybridization gap and a larger one below the
gap which develops due to magnetic correlations. Ac-
cordingly m∗(ω → 0, T ) increases only slightly below T ∗
and shows a large enhancement below TN . The scatter-
ing rate drops more than one order of magnitude upon
passing TN ; this can be explained by the freezing-out
of spin-flip scattering in the ordered state. The energy-
dependent scattering rate is related to the electronic den-
sity of states. In the case of UPd2Al3 we can distinguish
two gap structures with an enhanced density of states at
the edges, features known for superconductors.
The estimation of the reduced spectral weight ω∗p =
c/λL(0) ≈ 4000 cm
−1 from the London penetration
depth λL = 450 nm [9] agrees with our results of
4300 cm−1 if we integrate the conductivity spectrum up
to 100 cm−1; a renormalized Drude behaviour without a
gap feature would yield a value more than twice as large.
This implies that all carriers seen in our low-energy spec-
tra are in the heavy-fermion ground state and eventually
undergo the superconducting transition below Tc. We
can definitely rule out an assignment of the gap simply
to the localized carriers of the antiferromagnetic ordered
states, with the delocalized carriers contributing only to
the narrow feature at ω = 0, because its small spectral
weight at low temperatures accounts for only 18 % of
the carriers which become superconducting. This also
means that the excitations above the gap stem from the
delocalized states and that the gap observed in our con-
ductivity spectra is related to exchange correlations of
the second subsystem. Recently it was found that the
magnetic excitations seen by neutron scattering produce
effective interactions between itinerant electrons and lead
to superconductivity [14]. Our results now imply that
the magnetic excitations responsible for superconductiv-
ity also cause the heavy quasiparticles.
The picture we developed in order to explain the op-
tical properties of UPd2Al3 should also apply to other
heavy fermion compounds, in particular to UPt3 which
exhibits a similar behaviour in many regards [2,18]. For
UPt3 the effective mass of the quasiparticles is larger
(m∗/m ≈ 200) and the relevant energy scales are lower.
The coherence temperature is T ∗ ≈ 30 K, fluctuating
short range magnetic order (0.02µB) occurs at TN = 5 K,
and superconductivity sets in at Tc = 0.5 K. Recent
bandstructure calculations [19] infer the existence of lo-
calized as well as delocalized 5f -electrons in UPt3 very
much similar to UPd2Al3. It was suggested that the
observed enhancement of the quasiparticle mass results
from the local exchange interaction of two localized 5f -
electrons with the remaining delocalized ones [19].
We have reanalyzed the optical properties of UPt3 pre-
viously obtained by various techniques [20,21] in the same
way as described above and can identify similar features
(Fig. 3). When the coherent ground state builds up
(T < T ∗), the optical conductivity increases for frequen-
cies below 30 cm−1. As the temperature drops below
TN = 5 K, magnetic ordering occurs and an energy gap
progressively develops at about 3 cm−1 which is assigned
to magnetic correlations [21]. The frequency dependence
of the effective mass displayed in Fig. 3c clearly shows at
the lowest temperature accessible that only a marginal
increase of m∗ is observed around 30 cm−1, while be-
low the energies related to the magnetic correlations the
mass is drastically enhanced. Thus we also find that,
as for UPd2Al3, the coupling of the localized and de-
localized 5f -electrons causes the heavy quasiparticles in
UPt3; these magnetic excitations are very likely to be
responsible for superconductivity.
For both compounds, it therefore appears that the for-
mation of the heavy quasiparticles relies on the establish-
ment of antiferromagnetic order rather than competition
of the coherent singlet formation and the magnetic or-
der. Since we made similar observations for two materials
which may have a different ground state as evidenced by
the vastly different µB, it remains to be seen how far
our findings have implications on non-magnetic heavy
fermions with a large effective mass. Thermodynamic
measurements should test our idea that the effective mass
m∗(T ) increases only slightly below T ∗ but shows a large
enhancement below TN . It also remains to be seen in
which way our observation is related to the pseudogap
which was established in high-temperature superconduc-
tors well above Tc by optical and other methods [22].
In conclusion, the electrodynamic response of two
uranium-based heavy fermion superconductors with
magnetic ordering exhibits a behavior at low temper-
atures and low frequencies which cannot be explained
within the simple picture of a renormalized Fermi liquid.
The low-energy response shows the well-known renormal-
ized behavior only above the magnetic ordering temper-
ature; below TN additional features were discovered. Be-
sides an extremely narrow zero-frequency response, we
observe a pseudogap of less than a meV. The experi-
ments yield indications that this pseudogap is connected
to magnetic correlations on the delocalized charge car-
riers. We have argued, that this gap at extremely low
energies is due to the influence of the localized magnetic
moments on the conduction electrons and this interaction
is mainly responsible for the enhanced mass m∗.
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FIG. 1. (a) Frequency dependent absorptivity of UPd2Al3
at different temperatures measured over a wide frequency
range. The symbols on the left axis represent the dc values in
a Hagen-Rubens behaviour; the full symbols in the microwave
range are obtained by cavity perturbation technique; the open
sympols present absorption evaluated from the transmission
and phase measurement by the Mach-Zehnder interferome-
ter (only 2 K data are plotted for clarity reasons). The lines
are obtained by combining the various optical investigations
(transmission through films and reflection of bulk samples).
(b) Corresponding optical conductivity of UPd2Al3 as eval-
uated by a Kramers-Kronig analysis of the above absorption
data. The data points on the left axis indicate the dc con-
ductivity; the full symbols correspond to the direct determi-
nation of the optical conductivity using the transmission and
the phase shift obtained by the Mach-Zehnder interferometer.
FIG. 2. Frequency dependence of (a) the optical conduc-
tivity σ1(ω), (b) the scattering rate Γ1(ω), and (c) the effec-
tive mass m∗(ω) of UPd2Al3 for different temperatures. The
point on the left axis correpsonds to the effective mass derived
by thermodynamic measurements [8]. The arrow marks the
correlation gap.
FIG. 3. Frequency dependence of (a) the optical conductiv-
ity σ1(ω), (b) the scattering rate Γ1(ω), and (c) the effective
mass m∗(ω) of UPt3 for different temperatures using the op-
tical data obtained by [20,21].
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